Introduction
channel a-subunit isoforms have been cloned and Voltage-dependent Na+ channels are responsible sequenced from a variety of tissues, and expression for initial action potential depolarization in many studies indicate that the a subunit alone is capable excitable cells. Na+ channels open or activate in of most aspects of Na+-channel function. The a response to membrane depolarization and then, subunit contains four predicted transmembrane within a few milliseconds, inactivate. The molecule homologous domains (I-IV) (Figure 1 ). Each responsible for these activities must contain a highly homologous domain comprises six predicted transselective ion pore as well as appropriate machinery membrane a helices, termed S1-S6. A segment for gating the flow of ions through the channel. Biobetween transmembrane helices S5 and S6 contains chemical studies have shown that rat brain Na+ the binding site for tetrodotoxin, which is thought to channels are heterotrimeric proteins consisting of a act by 'plugging' the ion pore [2] . Of The remainder of this article reports progress in two major areas: cloning and functional effects of the rat brain Na+-channel pl subunit, and functional effects of Na'-channel phosphorylation by cA-PK and PKC.
Structure and functional effects of the /?I subunit
Multiple /3l subunit subtypes are expressed in rat brain, skeletal muscle, sciatic nerve and heart, as detected by subunit-specific antibodies [ 101. The recent cloning and expression of the /3l subunit gave the first evidence concerning the role of this subunit in Na+-channel biology [ 111. The sequence predicts a protein with a molecular mass of 23 kDa, which matches the experimentally observed molecular mass of the deglycosylated mature B1-subunit protein [ 121. Sequence analysis suggests that this subunit has a single transmembrane a helix with an extracellular N-terminus containing four sites for N-linked glycosylation and an intracellular C-terminus [ 111 ( Figure 1 ). Northern blot analysis of total RNA from various tissues using this /?l subunit as a probe detected strong expression in rat brain and spinal cord with weaker expression in rat heart and skeletal muscle. (Figure 1 ). The biochemical evidence for rat brain Na'-channel phosphorylation suggested the likelihood of physiological effects. Modulation of rat brain Na+ channels by cA-PK [ 171 was studied by adding the purified cA-PK catalytic subunit in the presence of ATP to the cytoplasmic surface of excised membrane patches. Phosphorylation of excised patches from cultured rat brain neurons and from Chinese hamster ovary cells expressing the rat brain type IIA a subunit (CNaIIA-1 cells) reduced Na' current by 40-50%. No change in the Na+-current time course or its voltage-dependence of activation or inactivation were observed. When either ATP or cA-PK was applied alone, no reduction occurred. T o test whether Na+ channels in these cells were tonically modulated at the unstimulated level of cA-PK activity, the CNaIIA-1 cells expressing Na' channels were stably transfected with a dominantnegative mutant form of the regulatory subunit of Ca-PK [ 181 yielding CNaIIA/Rev,, cells. The mutant regulatory subunit has two mutant CAMPbinding sites, making it incapable of binding cAMP and releasing active catalytic subunit. Resting cA-I' K activity was < 10% of the resting cA-PK activity in the parent CNaIIA-1, and stimulation of cA-PK by CAMP was blocked in these cells [ 171. CNaIIA/ cells thus provided an excellent system for studying the effects of phosphorylation by cA-PK.
Na+ current was increased in CNaIIA/Rev,,,, cells and this increase in current came from two sources. First, the number of Na+ channels was increased by 54% in CNaIIA/Rev,, cells without any change in Kd, as measured by binding of [ 3H]saxitoxin. Measured Na + currents were increased 2.6-fold in whole cells and 3.4-fold in cellattached patches compared with the parent CNaIIA cells. The number of saxitoxin-binding sites per cell increased 1.9-fold as did the number of saxitoxinbinding sites per ,urn2. Thus the increase in Na+ current could be partially attributed to a second mechanism, an increase in the current per channel, presumably caused by prevention of tonic channel modulation by cA-PK phosphorylation in these cells with minimal basal cA-PK activity [17] .
As expected from these results, Na' current in excised patches from CNaIIA/Rev,, cells was reduced by 54% when cA-PK and ATP were added to the cytoplasmic surface of excised inside-out patches but not when either was added alone. Na+ current was not reduced when cA-PK and ATP were added in combination with a peptide inhibitor of cA-PK, PKI, 5-24 (obtained from Peninsula Labs) [19] . Finally, after Na+ currents had been reduced in response to cA-PK and ATP, washing the patch with intracellular solution containing a mixture of phosphatases I and IIA substantially reversed the reduction in current [ 171. These results confirm that current through rat brain Na+ channels is modulated by cA-PK. Na+ current through rat brain Na+ channels is also modulated by PKC. Activation of PKC in rat brain neurons or in CNaIIA-1 cells by treatment with diacylglycerols causes two effects: the peak current is reduced and macroscopic inactivation is slowed [20] . Both of these effects can also be observed by treating the cytoplasmic surface of excised inside-out membrane patches with purified PKC. If cells are pre-microinjected with a peptide inhibitor corresponding to the pseudosubstrate site of PKC [21] , both effects are blocked, but they occur normally when cells are injected with the peptide inhibitor of cA-PK [ 191. Similar effects have been observed in cells expressing the rat muscle Na+ channel [22] .
The intracellular loop between homologous domains I11 and IV (I~,,,,,v) has been implicated in Na+ channel inactivation, as described above. The residues surrounding Ser'50h in this loop in the rat brain type IIA Na+ channel correspond to a consensus site for PKC phosphorylation. Mutation of this serine residue to alanine (mutant S1506A) blocks both the slowing of inactivation and a reduction of current by PKC activation [23] . Thus, phosphorylation of this site is required for both modulatory effects of PKC.
Other evidence suggests that the slowing of inactivation and the reduction of peak current by PKC activation may actually be two independent effects [ 241. When low concentrations of diacylglycerol or PKC are used to phosphorylate the channel, slowing of inactivation is observed without reduction in peak current. Only at relatively high concentrations are both effects observed. This suggests that phosphorylation at two sites may actually be required for reduction of peak Na+ current. T o test this idea, Na+ channels with mutations in other PKC consensus sequences were tested for modulation by PKC. Mutation of a serine in a PKC consensus sequence near the amino terminal of I,,,,, to an alanine prevented the reduction of peak Na+ current but had little effect on the slowing of macroscopic inactivation [24] . This result in combination with the effects of the mutation at Serl""" suggests that phosphorylation of this residue in I,,,,, is necessary for the reduction of peak Na+ current but reduction is only seen if Ser150" is also phosphorylated.
The finding that reduction of current by PKC requires phosphorylation at a site in I,,,,, raises the possibility that reduction of current by cA-PK at site(s) in this loop also requires phosphorylation of SerIso6 in I,,,,,,,. In fact, in mutant S1506A, which can not be phosphorylated at this site in I,,,,,,,, no reduction in current is observed when cA-PK at high concentration is applied to the cytoplasmic surface of excised inside-out patches [25] . Purified Na' channels and peptides corresponding to this site can be phosphorylated in vitro by PKC but not by cA-PK. Thus, phosphorylation of Serlsn6 by PKC is required before current can be reduced by cA-PK phosphorylation in L,,,,.
This idea suggests that activating PKC and, thus, phosphorylating Serlsoh will greatly potentiate the effects of cA-PK. Na+ current in cell-attached patches is normally not reduced when cA-PK is activated using membrane-permeant cAMP analogs by themselves. If, however, one applies concentrations of diacylglycerol that are sufficient to slow Na+ current inactivation but do not reduce the current, then application of the membrane-permeant cAMP analog 8-bromo cAMP reduces Na+ current A second line of evidence involves altering the sequence at SerI5"' to make it phosphorylatable by cA-PK [26] . The two charged residues following the phosphorylated serine inhibit cA-PK phosphorylation but this negative effect can be removed by mutating them to alanine. Na+ current in cells expressing this mutant Na+ channel are reduced by 8-bromo cAMP in the absence of PKC activation. Likewise, far lower concentrations of cA-PK were necessary to reduce the Na+ current in excised inside-out patches [25] . It seems that PKC phosphorylation at Ser""' in I~,,I,Iv is necessary before Na+ current can be reduced by cA-PK or PKC phosphorylation in I,,,,,.
These results demonstrate a convergent regulation of the rat brain Na' channel by PKC and cA-PK. Activation of these kinases in concert is expected to produce greater effects than when either kinase is activated alone. This mechanism of regulation by two kinases may serve to integrate neuronal signals mediated through these parallel signalling pathways.
